The application of series of high intensity electric pulses to a yeast suspension provoked a considerable release of some cytoplasmic proteins, glutathione reductase, 3-phosphoglycerate kinase and alcohol dehydrogenase. A maximal yield was achieved 3^8 h after pulsation. The electro-induced protein efflux was accelerated by pretreatment with the reducing agent dithiothreitol and showed a strong dependence on the growth phase and the presence of monovalent ions in the post-pulse incubation medium. The results obtained for two strains of Saccharomyces cerevisiae, PV3 (diploid) and Y47 (wild haploid), showed that electropulsation can be used for the effective extraction of cytoplasmic proteins with a preserved functional activity. z
Introduction
The application of high intensity electric ¢eld pulses to a cell suspension provokes a dramatic increase of the membrane permeability leading to an exchange of ions and molecules between cells and surrounding media. This phenomenon, called electropermeabilization [1] , results from a rapid membrane structural rearrangement and under milder conditions, it is entirely reversible and compatible with cell survival. Nowadays, the reversible electropermeabilization is mostly applied for the introduction and expression of genes into di¡erent types of cells (electrotransformation) [2] .
It is well known that the subjection of cells to an electric ¢eld, at an intensity larger than a critical value, provokes an irreversible loss of the plasma membrane integrity, an e¥ux of the cytoplasmic content and, respectively, cell death [3] . Nevertheless, the electro-induced macromolecule release in the case of walled systems has been poorly investigated.
Yeasts are widely used for the industrial production of homologous and heterologous proteins, most of them with an intracellular location. The most widely used methods for protein recovery are mechanical cell breakage and chemical extraction [4, 5] .
Previously, we have shown a protein e¥ux after treatment of yeast with a single rectangular pulse [6] . The process was proved to be dependent on the ¢eld intensity, pulse duration and cell wall porosity. In the present work, we studied the e¡ectiveness of the electro-induced release of proteins with di¡erent molecular mass, in order to verify the possibility for using electropulsation as an alternative method for the extraction of cytoplasmic proteins.
Materials and methods

Yeast strains and culture
The experiments were carried out with two Saccharomyces cerevisiae strains: PV3 diploid (MATa/a, his7-1/his 7-1, ade 2-475/ade 2-475, lys 2-67/lys 2-68, can1/CAN1, rad1-5/rad 1-5) and Y47 wild haploid (MATa). The yeast cells were grown at 30³C in YPD medium (1% (w/v) yeast extract, 2% (w/v) peptone, 2% (w/v) glucose) to the mid exponential phase (OD TTH = 1.6^1.8 for PV3 and OD TTH = 2.2 for Y47) and to the late exponential phase OD TTH = 4.5 for PV3 and 5.2 for Y47). Cells were collected by centrifugation at 2000 rpm for 5 min, washed twice with 50 mM Tris-Tricine bu¡er, pH = 7.5, and resuspended in the same solution.
Cell electropulsation
The electrical treatment was performed at room temperature in a chamber with parallel stainless steel electrodes (1 mm apart) using the BEST 1 device (constructed at the Bulgarian Academy of Sciences). It provides a series of up to nine rectangular pulses with a maximal duration of 1 ms. 130 Wl of cell suspension (5U10 V cells ml 3I ) was subjected to consecutive pulses, 990 Ws duration, 0.8 s interval, 2.75 kV cm 3I ¢eld intensity. 100 Wl pulsed cells was diluted to 500 or 1000 Wl in 50 mM Tris-Tricine bu¡er, pH = 7.5, and incubated at 30³C with moderate shaking.
Pretreatment with dithiothreitol (DTT)
In order to increase the cell wall porosity before pulsation, cells were pre-incubated with DTT, 20 mM ¢nal concentration, for 30 min at room temperature. Then, the cells were washed twice with 50 mM TrisTricine bu¡er, pH = 7.5.
Protein release determination
At di¡erent times of incubation, 100 Wl of the diluted cells was centrifuged at 12 000 rpm for 1 min and the protein content in the supernatant was determined according to Bradford [7] . The glutathione reductase activity (GLR) was determined according to I. Carlberg and B. Manerick [8] , 3-phosphoglycerate kinase (PGK) according to K. Kulbe and M. Bojanovski [9] , alcohol dehydrogenase activity (ADH) according to R. Scopes et al. [10] and the proteinase A activity according to J. Lenny [11] .
E¡ect of the salt concentration on protein release
For testing the e¡ect of salts on the protein release, cells were diluted after pulsation in 50 mM Tris-Tricine bu¡er, pH = 7.5, containing a varying concentration of potassium or sodium chloride in the range of 0^300 mM and incubated at 30³C with moderate shaking.
Cell lysis
To 100 Wl cell suspension was 40 Wl lyticase (0.25 mg ml 3I , 5000^20 000 U mg 3I protein) in 50 mM phosphate bu¡er, pH = 7.5, added. After incubation for 30 min at 30³C, they were diluted to 500 or 1000 Wl with 50 mM Tris-Tricine bu¡er, pH = 7.5. Total lysis occurred within 1 min.
Results derived from 3^6 experiments are given as mean value þ S.D. A least square ¢t was used for the results shown in Fig. 1, Fig. 2 , Figs. 3 and 5.
Results
The e¤ciency of protein release after electric ¢eld treatment was estimated by measuring the total protein content and enzyme activity in the supernatant of pulsed cells, in comparison with those of the lysate, accepted for 100%. The results obtained for theb PV3 strain in the mid exponential phase are presented in Fig. 1, Fig. 2, Fig. 3 , Fig. 4 . In all experiments, the cells were treated with 2U9 pulses at a ¢eld intensity of 2.75 kV cm 3I . The calculated temperature increase due to Joule heating did not exceed 6³C. The total protein content in the super-natant of pulsed cells increased proportionally to an incubation time up to 5 h after the pulse application. Longer incubation did not a¡ect the protein release. The pre-incubation with DTT provoked a faster, exponential protein e¥ux reaching 27% of that in the lysate.
The release of PGK (50 kDa) reached a plateau within 4 h, about 60% of the total activity (Fig. 2) . It should be pointed out that the kinetics of the process showed a phasic character. In this case, DTT pretreatment had no additional e¡ect on the release kinetics. The speci¢c activity at 4 h in the supernatant and the lysate was 15 and 4.9 U mg 3I protein, respectively.
The maximum activity of GLR (100 kDa) was detected 8^10 h after pulsation (Fig. 3) . The enzyme release was faster in DTT pre-treated cells up to 3 h (about 25% higher activity). Later, this di¡erence diminished to 10%. The speci¢c activity at 8 h was 0.224 and 0.1 U mg 3I protein in the supernatant of DTT-pre-treated cells and in the lysate, respectively. It should be mentioned that the enzyme activity of PGK and GLR in the lysate did not change during 8 h of incubation at 30³C. On the contrary, the activity of ADH (140 kDa) after cell lysis decreased quickly during incubation, while in the supernatant, it increased up to 6 h after pulsation, reaching a value four times greater than in the lysate (Fig. 4) .
Thiol treatment shortened this process twice. Moreover, the activity in the supernatant was not a¡ected by a lasting incubation.
The presence of potassium chloride in the postpulse medium provoked an accelerated release of all proteins studied, but a maximal e¡ect was achieved at di¡erent concentrations (Table 1) . Similar results were obtained with sodium chloride. Fig. 3 . Kinetics of the GLR release after electropulsation of PV3 (2U9 pulses, 990 ms duration, 2.75 kV cm 3I ). Pulsed cells were incubated in 50 mM Tris-Tricine, pH = 7.5, 250 mM KCl. Here, 100% corresponds to the GLR activity in the lysate. Another factor in£uencing signi¢cantly the electro-induced protein e¥ux of the PV3 strain was the cell growth phase. It was established that the transition from the middle to late exponential phase led to an important e¥ux reduction (Table 1 ). This concerned mostly ADH, which activity dropped 48 times. Previously, it was found that the cell sensibility to the electric ¢eld strength depends on the growth phase [12] . For the present experimental conditions, the cell viability after pulsation in the mid and late exponential phase was 25 and 75%, respectively.
The supernatant of pulsed cells was checked for proteinase A for the detection of eventual vacuolar damage by electric ¢eld treatment. There was no detectable proteinase A activity in the supernatant of pulsed cells resuspended in isotonic medium (0.05 M Tris-Tricine, pH = 7.5, 0.25 M KCl) up to 8 h of incubation at 30³C. In hypotonic conditions (0.05 M Tris-Tricine, pH = 7.5), the activity at di¡er-ent times after pulsation was, respectively, 5, 11 and 24% at 4, 6 and 8 h, 100% corresponding to the enzyme activity in the lysate.
In order to prove that the results obtained are valid for di¡erent yeast cells, we applied the same treatment to another strain of S. cerevisiae, Y47 (wild haploid). Pulsation with 2U9 pulses, the treatment determined as optimal for protein release in PV3, showed a lower e¡ectiveness (Fig. 5) . When increasing the pulse number up to 4U9, the results tended to reach those for PV3. The calculated temperature increase due to electric treatment is about 12³C. Similarly to PV3, the ADH activity in the lysate dropped rapidly and after 8 h of incubation at 30³C was about 150 U g 3I YDW, while the ADH activity in the supernatant for the same time reached 560 U g 3I YDW. In the late exponential phase, the In parentheses, optimum KCl concentrations. Table 1 . 100% corresponds to the enzyme activity and the total protein in the lysate. protein release decreased dramatically, similarly to that for the PV3 strain (data not shown).
Discussion
The results show that the electropulsation can be applied successfully for extraction of numerous cytoplasmic proteins. It is well known that the cell sensitivity to the electric ¢eld depends strongly on the cell size [3] , the smaller the size, the larger the ¢eld strength necessary for induction of membrane permeabilization. Furthermore, the permeabilized membrane area depends on the number and duration of the applied pulses [1] . We suppose that the di¡erent e¡ectiveness of protein recovery registered for the two yeast strains is rather due to the di¡erent cell size than to variance of the cell wall permeability (average diameter of PV3: 10 Wm, Y47: 7.7 Wm). This is supported by the fact of the enhanced protein release in Y47 when the pulse number rises. The sizedependent sensitivity to electric ¢eld treatment allows the possibility of choosing suitable electric conditions for irreversible damage of plasmatic membranes, subcellular organelles remaining una¡ected. This is the main di¡erence between electropermeabilization and all other methods for membrane permeabilization permitting the selective release of cytoplasmic proteins.
The yeast vacuole contains a set of non-speci¢c proteases. In prevalent methods for protein extraction, the vacuole membrane is inevitably broken, proteolytic enzymes liberated and many proteins of interest are lost, due to enzyme degradation. Thus, for preventing the proteolytic activity after cell breakage, di¡erent protease inhibitors have to be applied [5] . Proteinase A is a relatively small protein (42 kDa). If electric treatment provokes a permeabilization of the vacuolar membrane, the release of this enzyme should be similar to that of PGK (50 kDa). The lack of activity in isotonic post-pulse medium, as well as the low activity in hypotonic conditions, a long time after pulsation, led us to assume that proteinase A liberation is not due to electro-induced vacuolar membrane damage. It may be a result of vacuolar lysis, provoked by an osmotic shock after a signi¢cant e¥ux of the cytoplasmic content.
The primary cause of the ADH activity decrease seems to be the SH-groups oxidation in enzyme active sites by di¡erent oxidizing agents [13] . ADH is more stable in the supernatant than in the lysate for both strains. This could be explained by slower oxidative processes in the supernatant of pulsed cells as well as by the insigni¢cant protease activity. The speci¢c activity of GLR and PGK in the supernatant increased by a factor of 2.24 and 3, respectively. There are two possible reasons for this: (i) a size-dependence of the electric ¢eld treatment allowing an e¥ux of cytoplasmic, but not intra-organelle proteins or (ii) a function of the cell wall as a ¢lter retaining larger proteins and organelles.
The cell wall porosity is an important factor for the protein recovery from yeast [4, 5] . Macromolecule transfer through the wall is facilitated after pre-incubation with thiols which a¡ect the porosity by reducing disul¢de bridges in the mannoprotein layer [4, 14] . For both strains, the incubation with DTT prior to pulsation led to an accelerated protein ef£ux, but not to a signi¢cant increase of the maximal extraction. Taking into account that the yeast cell wall is permeable to proteins with a molecular mass up to 400 kDa [14^16], it is possible that the electropulsation could be e¡ective for the liberation of proteins larger than ADH (140 kDa).
The passage of proteins through the cell wall depends not only on their molecular mass but on their electric charge too [17] . Yeast cell walls have a considerable negative charge due to phosphate groups in mannane side chains [18] . This charge can provoke a signi¢cant decrease in the protein e¥ux because of electrostatic interactions with the cell wall. We found that post-pulse incubation in the presence of potassium or sodium chloride led to an enhanced protein e¥ux. Most probably, this is due to neutralization of the negative charges of the cell wall and eventually those of proteins.
Cell transition to the later exponential phase diminished the protein e¥ux, more markedly expressed for ADH. Such a dependence can be explained by the decrease of the cell wall porosity [19] as well as by the reduced number of cells with irreversibly damaged membranes.
In comparison with routinely applied methods for the protein recovery from yeast, mechanical breakage and chemical extraction, the electropulsation is more simple and less destructive to products. The process of electric treatment by itself, even when multiple pulses (in our case up to 4U9 pulses) have to be applied, continues only a few seconds. There are no data concerning a possibility for direct bulk enzyme inactivation, even when considerably higher ¢eld intensities have been applied. An indirect e¡ect of pulsation could be the increase of the medium temperature, but heat protein inactivation may be avoided by using an appropriate set of ¢eld conditions (intensity, number and duration of pulses), as well as pulsation media with a low ionic strength. Another advantage of electropulsation is that it does not cause cell fragmentation [6] . The wall prevents cell lysis despite the irreversible membrane damage. This allows an easy cell removal after protein extraction by simple ¢ltration or centrifugation.
In the present paper, we present the ¢rst evidence that high intensity electric ¢eld pulses can provoke a considerable release of some cytoplasmic proteins from S. cerevisiae with intact cell walls. Further studies are needed to con¢rm the applicability of electroextraction for recovering intracellular proteins at an industrial level.
